Objective: Newer magnetic resonance imaging (MRI) techniques have shown promise in capturing early Parkinson disease (PD)-related changes in the substantia nigra pars compacta (SNc), the key pathological loci. Their translational value, however, is hindered by technical complexity and inconsistent results.
, p < 0.0001) and left (cluster size = 213mm 3 , p < 0.0001) midbrain that was located ventrolateral to the red nucleus and corresponded to the SNc. The region-of-interest approach confirmed the group difference in the SNc T1w/T2w ratio between PD and controls (p < 0.0001). The SNc T1w/T2w ratio had high sensitivity (0.908) and specificity (0.80) to separate PD and controls (area under the curve [AUC] = 0.926), even for PDE patients (AUC = 0.901, sensitivity = 0.857, specificity = 0.857). These results were validated in the second cohort. Interpretation: The T1w/T2w ratio can detect PD-related changes in the SNc and may be used as a novel, parsimonious in vivo biomarker for the disease, particularly for early stage patients, with high translational value for clinical practice and research.
ANN NEUROL 2019;85:96-104 P arkinson disease (PD) is marked pathologically by the loss of dopaminergic neurons in the substantia nigra pars compacta (SNc) of the basal ganglia. 1, 2 During the past decade, many research groups including ours have endeavored to find reliable and objective biomarkers for the PD process. 3, 4 These efforts have yielded significant progress, 4 although important challenges remain in translating these postulated biomarkers into tools that are useful for clinical practice and translational research. Multimodal magnetic resonance imaging (MRI) has been demonstrated to capture PD-related pathophysiological processes. [5] [6] [7] [8] [9] [10] [11] Quantitative susceptibility mapping (reflecting iron deposition) 9, 12 and free-water diffusion (reflecting neuroinflammation-related edema) 10, 11 have been particularly promising as potential in vivo MRI markers of PD. The barriers in applying these advanced MRI approaches to clinical practice and research are the complexity of the MRI techniques, lack of standardized imaging procedures, and the finding that the sequences are prone to motion artifacts. [13] [14] [15] [16] In addition, the results from both iron-sensitive and diffusion MRI have not been consistent in detecting early stage PDrelated changes. 5, 17, 18 There is a clear need for practical and sensitive objective markers to detect early PD-related pathophysiological changes. Nearly all clinical and research MRI protocols obtain T1-weighted (T1w) and T2-weighted (T2w) images for anatomical information. Originally proposed by Glasser and Van Essen, 19 a simple division of these images can yield a new quantitative contrast (T1w/T2w ratio) with high spatial resolution, test-retest reliability, and sensitivity to neurodegenerative changes demonstrated by recent studies. [20] [21] [22] Its simplicity and broad availability make it a promising candidate for studying PD-related changes. To our knowledge, there has not been a study that has used the T1w/T2w ratio to study structures other than cortical regions, nor has it been applied yet to a PD population.
In the current study, we compared midbrain T1w/T2w ratio maps in PD patients and matched controls in an attempt to develop a marker with high translational potential to assist in the diagnosis of PD, even in the early stages of the disease. We tested 4 hypotheses: (1) T1w/T2w ratio maps capture PD nigral pathology, (2) the T1w/T2w ratio change in PD also is sensitive to early stage changes in PD patients with ≤2 years of disease duration, (3) the T1w/T2w ratio can separate PD patients from controls with high sensitivity and specificity even at the early stages, and (4) T1w/T2w ratio may differentiate early and later stage PD patients and associate with clinical measurements.
Subjects and Methods

Subjects
Seventy-six PD patients and 70 age-and sex-matched controls participating in a National Institutes of Health (NIH)-funded MRI biomarker study (NS060722, with baseline enrollment from 2009 to 2012) were included as the testing cohort (Study 1). The participants were recruited from a tertiary movement disorders clinic (see Table 1 for detailed demographic information). PD diagnosis was confirmed by a movement disorder specialist according to UK Brain Bank criteria. 23 The enrollment criteria for PD patients included Mini-Mental State Examination (MMSE) score > 24, the lack of neurological disorders other than PD, and disease duration < 10 years. Disease duration was defined as the date since first PD diagnosis by a physician. Movement Disorder Society (MDS)-Unified Parkinson's Disease Rating Scale part III scores (UPDRS-III) were obtained for each PD patient after withholding all PD medication overnight (12 hours). Hoehn-Yahr (HY) staging was rated in the "off" medication state. Hamilton Depression Rating Scale (HDRS), Montreal Cognition Assessment (MoCA), and L-dopa equivalent daily dosage (LEDD) also were obtained. All controls were free of any neurological, psychiatric, or major medical conditions. One hundred twelve PD patients and 87 controls from the NIH PD Biomarker Program (NCT01888185) were included as a validation study (Study 2) that had baseline enrollment from 2012 to 2015. The enrollment criteria for Study 2 were the same as for Study 1 except there was no MMSE thresholding or disease duration requirement. The MDS-UPDRS and HY stage for Study 2 were obtained without withholding medication (in the "on" state). Two PD patients in Study 2 were excluded due to motion artifacts that resulted in low MRI data quality. A subgroup of early stage PD patients (PDE) was defined as those with disease duration ≤2 years from both cohorts, with the remaining subjects categorized as later stage PD patients (PDL). A total of 75 subjects overlapped between the two studies. The overlapping subjects were excluded from Study 2 for the current study. In total, 73 PD patients and 49 controls were included for the validation analyses. All subjects gave written informed consent, consistent with the Declaration of Helsinki and reviewed and approved by the Penn State Hershey Institutional Review Board.
MRI Acquisition and T1w/T2w Ratio Maps
All subjects were scanned with a 3.0T magnetic resonance (MR) scanner (Trio; Siemens Magnetom, Erlangen, Germany; with an 8-channel phase array head coil) to obtain highresolution T1w and T2w images. A magnetization-prepared rapid acquisition gradient echo sequence was used to obtain T1w images with repetition time/echo time = 1,540/2.34 milliseconds, field of view = 256 × 256, slice thickness = 1mm (with no gap), and slice number = 176. A 3-dimensional T2w SPACE (sampling perfection with application optimized contrast using different angle evolution) sequence was used to obtain T2w images with repetition time/echo time = 2,500/316 milliseconds and the same spatial resolution settings as T1w images. All T1w and T2w images were inspected offline and deemed free of severe motion artifacts or any major structural abnormalities (except for 2 subjects from Study 2 who were excluded). T1w/T2w ratio maps for each subject then were generated using a similar method as proposed by Glasser and Van Essen. 19 Namely, T1w
and T2w images were coregistered using a rigid registration and then the T1w/T2w ratio maps were obtained by simply dividing the T1w image by the T2w image at each voxel. The T1w/T2w value at each voxel was multiplied by 100 to obtain values for robust image analysis.
Voxel-Based Image Data Analysis
Voxel-based analysis (VBA) was performed to detect differences in the T1w/T2w ratio between PD patients and controls. First, a cohort-specific T1w/T2w ratio template was created from all subjects by using an unbiased atlas building algorithm provided in the ANTs package. 24 Second, T1w/T2w ratio maps were coregistered to the template images using the SyN registration algorithm within ANTs. 25 The FMRIB Software Library randomize tool was used to conduct voxelwise 2-sample unpaired t tests with age and sex as nuisance variables and the TFCE option to correct for familywise error. A p value of 0.01 and cluster size of 100 then were used to define significant regions.
Region of Interest-Based Image Data Analyses
Bilateral SNc were defined on the template image generated for the VBA analysis according to previous protocols. 9, 26 Namely, the SNc was defined in 6 slices from superior to inferior, starting from 1 slice lower than the middle of the red nucleus. A kidneyshaped region ventrolateral to the red nucleus and dorsomedial to the substantia nigra (SN) pars reticulata (hypointensity band between the cerebral peduncles and red nucleus visualized in T2w images) was identified as the SNc. The mean T1w/T2w ratios of both the left and right SNc regions from normalized T1w/T2w images were used for group and subgroup comparisons, and discriminative analysis. Detailed image-processing steps, tools, and estimated processing time are provided in Supplementary Table 1 .
Statistical Analyses
Demographic data were compared between groups using the chisquare exact test for sex and 2-tailed Student t test for age. Clinical scores and region of interest (ROI)-based T1w/T2w ratios between controls and PD patients, as well as early stage PD patients, were compared using analysis of covariance with age and sex as covariates. Statistical significance was defined as p < 0.05 for these group comparisons. The ability of SNc T1w/T2w values (from the ROI-based approach) to discriminate PD (and the early PD subgroup) from controls was assessed using logistic regression (the model included the SNc T1w/T2w ratio, age, and sex as covariates) and receiver operating characteristic curve analyses. A best cutoff point was determined using the Youden method. Multiple regression analysis then was used to test the correlations between clinical measures and the SNc T1w/T2w ratio. The clinical measures were used as independent variables, and the SNc T1w/T2w ratio as the dependent variable. All statistical analyses were performed using R version 3.14.
Results
Demographic and clinical data are summarized in Table 1 . There were no significant differences between PD patients and controls in age and sex for both the testing and validation studies. In both studies, PD patients showed significantly higher depression scores and lower MoCA scores compared to controls. Participants in Study 2 were overall older and had longer disease durations, more severe disease, and higher LEDD usage.
Voxel-Based Analysis PD patients displayed a significantly higher T1w/T2w ratio only in the midbrain region (Fig 1) . The total region (cluster size) of significant T1w/T2w values for Study 1 was 377mm 3 , distributed in the right (164mm 3 , with a peak p < 0.0001) and left (213mm 3 , with a peak p < 0.0001) midbrain. The total region (cluster size) of significant T1w/T2w values for Study 2 was 654mm 3 , distributed in the right (323mm 3 , with a peak p value < 0.0001) and left (331mm 3 , with a peak p value < 0.0001) midbrain. The location of the significant area was ventrolateral to the red nucleus and dorsomedial to the SN pars reticulata (within the hypointensity band between the red nucleus and cerebral peduncle), a region consistent with the location of the SNc.
ROI-Based Group Comparisons
Compared to controls (250.6, 95% confidence interval [CI] = 246.7-254.5), PD patients in Study 1 showed a higher T1w/T2w ratio value in the SNc (276.1, 95% CI = 271.6-280.6; the age-and sex-corrected difference between PD and controls is 24.9, 95% CI = 19.7-30.1, p < 0.0001, as shown in Fig 2) . PDE (272.9, 95% CI = 267.5-278.2, with a difference of 22.4, 95% CI = 16.3-28.4, p = 0.0008) and PDL (278.9, 95% CI = 274.3-283.5, with a difference of 26.9, 95% CI = 20.9-33.0, p = 0.0002) patients in Study 1 also had significantly higher T1w/T2w values compared to controls. There was no significant difference, however, between PDE and PDL subgroups in Study 1. Study 2 showed similar, significant differences between total PD, PDE, and PDL groups when each was compared to controls (see Fig 2) . In addition, PDL patients in Study 2 had T1w/T2w values that were significantly higher than the PDE group (274.7, 95% CI = 267.7-281.6 for PDE; 291.5, 95% CI = 284.3-298.7 for PDL, with a difference of 16.9, 95% CI = 4.5-29.2, p = 0.0018). The raw means and variations are presented in Supplementary Table 2. The original model included age and gender as covariates, and adding MoCA and/or HDRS into the model did not affect the results significantly.
Predictive Analysis Based on ROI-Based Results
Using SNc T1w/T2w ratio values derived from the ROIbased approach with age and sex as covariates, logistic regression analysis showed that the SNc T1w/T2w ratio is a significant predictor for separating PD patients from controls (p < 0.0001) in Study 1. The area under the curve (AUC) statistic was 0.926 (95% CI = 0.883-0.968), with high sensitivity (0.908, 95% CI = 0.763-0.974) and specificity (0.80, 95% CI = 0.614-0.886) using the Youden index criteria (Fig 3) . For PDE patients, the AUC statistic was 0.901 (95% CI = 0.833-0.970), with high sensitivity (0.857, 95% CI = 0.614-0.943) and specificity (0.857, 95% CI = 0.6-0.943). The SNc T1w/T2w values also showed modest but significant discriminability between PDE and PDL. The AUC for PDE versus PDL was 0.744 (95% CI = 0.632-0.855). Values from Study 2 showed a similar predictive performance (see Fig 3D-F for the overall PD, PDE, and PDE vs PDL, respectively). The detailed statistics from the predictive analyses are presented in Supplementary Table 3 .
Correlation Analysis between T1w/T2w Ratio and Clinical Measures
The T1w/T2w value in the SNc was strongly correlated with MoCA scores in Study 1 (p = 0.0004). This finding, however, was not replicated in Study 2. The T1w/T2w value in the SNc was correlated with disease duration in Study 2 (p = 0.005). No other correlations between the clinical measures and the SNc T1w/T2w ratio reached significance (Table 2 ). 
Discussion
In the current study, we demonstrated for the first time that PD patients have a significantly higher T1w/T2w ratio in the midbrain compared to controls using a voxelbased analysis, and the significant region is consistent with the anatomical location of the SNc, which is the region associated with hallmark PD pathology. This finding was confirmed using an ROI approach. Moreover, the T1w/T2w ratio in the SNc was significantly higher in patients early in their disease (≤2 years of disease), suggesting that it may be an early stage marker for PD. The SNc T1w/T2w ratio also had high sensitivity and specificity to discriminate PD patients and controls, a finding that also applied to very early PD patients (≤2 years of disease). In addition, we validated these findings using an independent cohort. Together, these findings suggest that the T1w/T2w ratio can detect PD-related changes in the SNc. Because of its simple implementation, high resolution, and wide availability, these findings may have high translational value for clinical practice and research.
T1w/T2w Ratio as a Parsimonious MRI Marker T1w and T2w sequences are two of the most mature MRI techniques, which have been improved consistently since their first use in clinical MRI. Within a total scan duration of 7 minutes (in our study), we were able to obtain high spatial resolution (1 × 1 × 1mm 3 ) images for both T1w and T2w sequences. The signal-to-noise ratio and contrast-to-noise ratio for both of these sequences are superior compared to other quantitative MRI contrasts in terms of common gray/ white matter contrasts. Using these two sequences, simple division, and a few standard image processing steps (registrations) produces the T1w/T2w ratio image, a high-quality quantitative MRI contrast. Previous studies have shown that it has not only superior sensitivity to myelin compared to diffusion MRI, but also superior test-retest reliability compared to other myelin imaging techniques. 20 Previous studies have used the T1w/T2w ratio to detect cortical changes in patients with multiple sclerosis. 22, 27 To our knowledge, the current study is the first to utilize this quantitative MRI contrast to study a subcortical structure and PD patients. VBAs demonstrated that the T1w/T2w ratio clearly can delineate changes in the In addition, our study also suggested that the SNc T1w/T2w ratio may be an early stage marker for PD by showing a significant difference between early stage PD and controls. The ability of the T1w/T2w ratio to gauge disease severity and its association with clinical outcomes, however, is uncertain. Namely, whereas Cohort 2 showed significant differences between PD patients with disease duration < or > 2 years, this result was not found in Study 1. Similarly, the significant association between the T1w/T2w ratio and MoCA scores in Study 1 was not replicated in Study 2. The inclusion of more advanced stage PD patients in Study 2 with significant cognitive impairment may contribute to the discrepancies between the two studies. Future studies including PD patients with different durations, stages, clinical subtypes, and longitudinal follow-up are needed to understand fully the value and limitations of the T1w/T2w ratio as a marker for PD clinical stage, severity, and/or progression.
Discriminability of the T1w/T2w Ratio between PD and Controls
Although the clinical criteria for diagnosing PD has evolved over 2 decades, recent studies have raised concerns about the accuracy of PD diagnoses, especially in the early stages of the disease. A meta-analysis reported a diagnostic accuracy of 80.6% on average from both general neurologists and movement disorder specialists. 28 Adler et al, using neuropathological diagnosis as the gold standard, reported that the accuracy of a fellowship-trained movement disorders specialist was 26% for early untreated PD cases, 53% for early L-dopa-responsive cases, and 83% for later stage PD cases. 29 In a recent autopsy cohort of 14 subjects, we found non-movement disorder specialists can predict pathology in <50% of cases. 30 There is a clear need for an early detection marker in PD patients that has high accuracy and translational value. The current best marker has been proposed by Nalls et al, 31 who used a combination of clinical and genetic information and found an AUC = 0.926 for distinguishing PD patients from controls. Both susceptibility and diffusion MRI also have been proposed as potential early detection markers in PD. [5] [6] [7] The performance of these MRI markers for early PD detection, however, is less promising according to follow-up studies. 11, 17, 18, 32 For example, a meta-analysis of diffusion MRI in PD reported a rather modest effect size for fractional anisotropy, 18 and the performance of R2* in early stage PD patients is inconsistent between studies.
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One promising MRI marker of early stage PD is free-water diffusion MRI in the posterior SN, as reported by Ofori et al. 11 There are no data on the discriminability of free-water diffusion in the posterior SN for early stage PD, however. In the current study, we demonstrated an AUC = 0.901 using the T1w/T2w ratio to separate early stage PD patients from controls, using a single region where the key PD pathology is located. This is remarkable and further supportive of its translational value to clinical practice and research. Future studies are needed to investigate whether adding T1w/T2w ratios from other regions, or including clinical data and/or genetic features, may further improve PD/control discriminability, and thus potentially provide a more accurate diagnostic tool for early stage PD.
Pathological Underpinning of the T1w/T2w Ratio in PD Glasser and Van Essen have linked the T1w/T2w ratio to myelin content in cortical gray matter. 19 The meaning of the T1w/T2w ratio at the subcortical level, particularly in the SNc, however, is unknown. Compared to controls, the SN T1 value of PD patients is decreased (which translates to an increased T1w intensity, because the T1w signal is in the opposite direction of the T1 value). 33, 34 The lower T1 value is postulated to reflect gray matter integrity, microglia activation, and/or neuromelaninneuron loss based on human and laboratory animal studies. 33, 35, 36 The T2 value also is decreased, but this represents a decrease in T2w intensity in the SN of PD patients compared with controls. 5, 9, 37 A recent MRIpathology study has linked the T1w/T2w ratio to dendrite density but not myelin content. 22 Thus, the T1w/T2w ratio in the midbrain may reflect a sum of multiple PDrelated changes involving neurons, dendrites, microglia, and iron content. This information might generate a more potent contrast that may be superior to other MRI sequences in capturing PD-related pathology and can be used as a biomarker for early PD detection. A future MRI-pathology correlation study is warranted to test this hypothesis.
Strengths and Limitations
One strength of this study is the relatively large PD and control participant pool that allowed us to carefully select early stage PD patients to test the hypothesis that the T1w/T2w ratio can be a sensitive marker for early stage disease. In addition, a validation cohort was included to replicate the current findings. Despite this strength, there are limitations. The majority of PD participants, even those in early stage PD, already were on antiparkinsonian medication. It is possible that the observed T1w/T2w changes in the midbrain were a consequence of medication-induced tissue alterations. Validation of these results in even larger datasets of newly diagnosed and drug-naive PD patients collected by independent investigators (eg, PPMI and PDBP), as well as longitudinal studies, would be useful. In our Study 1, PD patients with disease duration >10 years were excluded. Study 2 included more later stage patients, but only 23 patients had disease duration >10 years. Although we detected a significant difference between PDE and PDL in Study 2, the exciting implications must be tempered by the limited sample size. A study with a larger sample size and longitudinal follow-up would be essential to verify the utility of this approach in disease staging. The T1w/T2w ratio comparisons were conducted on spatially normalized images for both VBA and ROIbased analyses, and it is possible that volumetric or morphometric information could have contaminated the results. This seems unlikely, however, given that we did not observe significant volume differences between PD patients and controls using an atlas-based segmentation approach (the reverse of normalization, results not reported). The current data and analysis of the literature lead to the hypothesis that the T1w/T2w ratio is superior in defining early stage PD-related changes when compared to newer diffusion and susceptibility contrast approaches; future studies are needed to compare their performance directly. Lastly, it is believed that simple division of T1w and T2w images can cancel out most of the intensity heterogeneity, and thus result in a quantitative MRI contrast. There might be residual bias, however, that cannot be canceled out by simple division due to the complicated bias pattern from gradient distortions and an inhomogeneous B1 field. This issue is expected to be worse when data from multiple study sites with different imaging parameters are used. Future studies to test the T1w/T2w ratio from different MRI scanners with different T1w and T2w parameters are warranted. Newer simultaneous multicompartment T1 and T2 imaging techniques (ie, mcDE-POT 38 and MR fingerprinting 39 may help remedy this issue.
